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Epitaxial  Growth  and  Electro-Optical  Properties 
of  Metal  GaAs  Superlattices 


The  objective  of  this  research  program  is  to  investigate  the  metal  systems  that 
are  tliermoclynarnically  stable  on  GaAs.  Moreover,  for  novel  device  applications,  the 
metal  films  should  be  epitaxial  on  GaAs,  and  that  means  the  lattice  mismatch  be¬ 
tween  metal  and  GaAs  should  be  as  small  as  possible.  From  this  stable  metal  contacts, 
we  can  then  explore  new  properties  and  physics  of  the  metal/GaAs  heterojunction. 
Furthermore,  new  metal  quantum  well  and  supcrlattice  devices  can  be  fabricated,  and 
a  new  generation  of  detectors  and  devices  with  improved  performance  will  emerge. 


The  theoretical  calculation  of  the  metal  quantum  well  (QW)  photodetector  has 
shown  that  the  device  Can  be  served  as  a  long  wavelength  (infrared)  detector  with 
an  absorption  efficiency  one  order  of  magnitude  higher  than  a  semiconductor  QW 
device  (e.g.,  AlGaAs/GaAs/AlGaAs).  This  enhancement  is  due  to  the  higher  oscil¬ 
lation  strength  of  the  metal  intersubband  transition.  Furthermore,  the  selection  rule 
governing  the  absorption  of  radiation  by  semi-metal  QW  yields  a  maximum  transition 
probability  for  normal  incidence.  In  this  case,  larger  area  devices  or  detector  array  can 
be  fabricated.  Using  the  band  alignment  concepts,  we  can  make  possible  the  infrared 
detectors  and  sources  capable  of  tuning  *he  detecting  and  radiating  wavelength. 


The  key  issue  in  realizing  the  QW  structure  is  to  make  sure  that  the  epitaxial 
metal  film  does  not  react  chemically  with  the  GaAs  substrate  during  growth  of  the 
alternating  layers.  The  novel  approach  initiated  in  this  research  is  to  utilize  the  in- 
terrnctallic  compounds.  From  the  study  of  the  bulk  metal-GaAs  reaction,  we  find 
PtGa2  ^nd  CoGa  to  be  promising  materials.  These  compounds  have  small  lattice 
mismatches  with  GaAs  (half  of  the  lattice  constant)  and  they  both  have  cubic  crystal 
structures.  From  the  bulk  ternary  phase  diagrams,  they  are  both  thermodynamically 
stable  with  GaAs.  Two  different  techniques  are  used  for  growing  these  metal  films 
on  Ga.As,  i.e..  MBE  (molecular  beam  epitaxy)  and  MOCVD  (metal  organic  chemical 
vapor  deposition).  Single  phase  PtGaj  and  CoGa  on  GaAs  can  be  obtained  by  both 


melliods. 

Successful  growth  of  the  single  phase  PtGa2  and  CoGa  is  demonstrated  by 
MOCVD  using  mixed-metal  organomctallic  precursors  of  limited  volatility.  The  de¬ 
sired  ligands  have  being  developed.  New  api>roach  such  as  photo-assisted  deposition 
is  also  under  investigation.  In  tlie  I'N'-assisted  experiments,  we  demonstrated  a  se- 
leciive  seeds,  and  this  suggested  the  po.ssibility  of  selective  growth  and  in-situ  device 
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fabrication. 


MBE  growth  of  PtGaj  and  ('oGa  is  of  more  importance  consequence  during  this 
reporting  period  because  of  its  ability  to  obtain  high  quality  epitaxial  films.  Dif¬ 
ferent  Pt-Ga  compounds  are  grown  on  GaAs  by  changing  the  Pt-Ga  flux  ratio  and 
the  thcrmodyna  nic  stability  is  probed  by  X-ray  diffraction  and  RBS  (Rutherford 
backscattering).  Among  these  Pt-Ga  compounds,  PtGa,  PtjGa  and  PtGaj,  PtGa2 
has  the  highest  stability  up  to  800‘’C  annealing.  Therefore,  we  optimize  the  grow'th  of 
PtGa2  and  obtain  a  high  quality  single  phase  PtGaj  film.  The  electronic  structure  of 
the  PtGa2  film  is  analyzed  by  X-ray  photocmission  spectroscopy.  It  is  shown  that  for 
decreasing  Pt  concentration,  the  Pt  d-band  centroid  moves  to  higher  binding  energy 
and  the  d^ensity  of  states  (DOS)  at  the  Fermi-level  decreases.  The  electric  resistivity 
of  the  Pt-Ga  compounds  and  also  the  Schottky  behavior  of  the  PtGa2  diode  are  also 
investigated. 

Compared  with  PtGa2,  CoGa  has  several  advantages  that  make  it  a  better  candi¬ 
date  for  more  extensive  study.  From  the  ternary  phase  diagram,  Co-Ga  has  only  two 
stable  compounds  with  GaAs;  CoGa  and  CoGaa.  Therefore,  the  deposition  of  single 
phase  CoGa  is  much  easier  than  PtGa2  where  many  phases  were  found  in  this  course 
of  study.  Furthermore,  the  large  range  of  stoichiometry  of  CorGaj.x  (x  between  0.4 
and  0.6)  also  makes  the  flux  control  less  critical.  The  lattice  mismatch  between  CoGa 
and  GaAs  can  be  changed  by  the  stoichiometry  of  Coj.Gai_x,  and  the  mismatch  with 
the  60%  Ga  ratio  is  only  0.8%.  The  occurrence  of  different  epitaxial  orientations  is  a 
cornnion  problem  in  the  deposition  of  intermetallic  compounds  on  GaAs  (e,g.,  RhGa 
and  NiAl),  Two  different  orientations  (lOO)CoGa  and  (llO)CoGa  on  (lOO)GaAs  are 
always  observed  in  the  beginning  of  our  research.  However,  one  of  our  major  accom¬ 
plishments  is  to  control  the  orientations  at  will  by  the  study  of  the  initial  surface 
condition.  In  that  study,  the  initial  growth  conditions  are  determined  by  the  in-sitii 
RHEED  (reflection  high  energy  electron  diffraction)  pattern,  and  for  Co-terminated 
surface!,  the  prientation  is  (100)CoGa/(  100)GaA.s,  For  Ga-terminated  surface,  the 
orientation  is  (llO)CoGa,  and  for  As-terminated  surface,  the  deposition  is  the  mix 
of  (100)  and  (llO)CoGa.  The  good  quality  of  the  epitaxial  films  is  characterized 
by  RHEED,  RBS  and  X-ray  rocking  curve.  Both  the  (100)  and  (llO)CoGa  show  a 
streaky  RHEED  patterns  with  clear  Kikuchi  bands.  The  RB.S  channeling  minimal  is 
only  8%i  and  the  FVVHM  (full  width  half  maximum)  of  the  X-ray  rocking  is  only  0.2 
degree. 

.Another  accomplishment  is  to  establish  the  stability  of  Coj.C!ai_x.  I'lie  relation 
between  the  thermodynamic  stability  and  the  different  stoichiometric  C'oj.Gai_j.  is 
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investigated  for  the  first  time.  The  stability  is  determined  by  the  occurrence  of  the  ‘ 
CoGaa  phase  upon  annealing.  We  have  shown  that  for  Co-rich  samples  the  reaction 
between  CoGa  and  GaAs  is  below  450® C.  However,  for  Ga-rich  films,  the  stability  is 
improved  dramatically.  For  the  60%  Ga  ratio,  the  highest  temperature  we  can  have 
without  reaction  is  up  to  800®C. 

We  have  demonstrated  the  successful  growth  of  CoGa  and  PtGaj  which  form 
chemical  stable  and  epitaxial  metal  contacts  on  GaAs.  They  both  show  a  sharp  inter¬ 
face  and-good  crystallinity  up  to  800®C  annealing.  These  new  metal/GaAs  interfaces 
should  form  the  basis  for  fabricating  devices  w'ith  outstanding  survivability  and  stable 
electrical  properties.  Based  on  this  exciting  results,  we  are  now  pursuing  the  develop¬ 
ment  of  metal/GaAs  superlattice  and  quantum  well  structures.  These  materials  are 
expected  to  have  unique  electro-optical  properties,  in  addition  to  excellent  stability. 
Their  applications  will  be  in  millimeter  wave  and  infrared  detectors  as  well  as  other 
high  speed  devices. 
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ABSTRACT 

A  variety  of  transition-meial  films  have  been  grown  by  organometallic  chemical  vapor 
deposition  (OMCVD)  at  low  temperatures  using  hydrocarbon  or  hydride  carbonyl  metal 
complexes  as  precurwirs  The  vapors  of  the  metal  complexes  ate  transported  with  argon  as  the 
carrier  gas,  adding  H2  to  the  stream  shortly  before  contact  with  a  heated  substrate. 

High-purity  platinum  films  have  been  grown  using  (T|*-C5H5)PiMe  j  (IJ  or 
(Ti^-CH3C5H4)PtMe3  (2)  at  substrate  temperatures  of  180°C  or  120'’C,  respectively  The 
incorporation  of  a  methyl  substituent  on  the  cyclopentadienyl  ligand  decreases  the  melting  point 
of  the  organoplatinum  complex  from  lOb'C  |1)  to  30°C  12)  and  increases  the  vapor  pressure 
substantially  Film  deposition  also  occurs  at  a  lower  substrate  temperature  Analyses  by  X-ray 
diffracnon  (XRD),  Auger  electron  sjiectroscopy  (AES)  and  X-ray  phoioelectron  spectroscopy 
(XPS)  indicate  that  the  films  are  well  crystallized  and  do  not  contain  any  observable  impunties 
after  spuner  cleaning 

The  substrate  temperatures  for  the  first  appearance  of  other  transition-metal  films  from 
organometallic  precursors  are  as  follows  ('C)  Rhfrj’-CyHjlj  (120/Si),  Irfri’-CiH.)! 
(100/Si).  HRe(CO)5  (130/Si)  and  Ni(ti5-CH,C5H4)2  (190/glass.  280/Si)  These  films  art 
essentially  amorphous  and  contain  trace  oxygen  impurities  (<  2%).  except  for  the  Re  film,  which 
was  10%  oxygen  and  20%  carbon 

INTRODUCTION 

Low-temperanire  deposition  processes  are  desired  for  very  large-scale  integrated  (VLSI) 
microelectronics  to  reduce  wafer  warpage.  generation  of  defects,  and  redistribution  of 
dopants(s).  Organometallic  chemical  vapor  deposition  (OMCVD)  often  provides  routes  to 
desired  materials  at  lower  temperature  than  possible  with  corresponding  inorganic  precursors 
The  difficulties  of  deposibon  of  most  transibon  metals  using  CVD  are.  (a)  the  non-availability  of 
volatile  precursors  and,  (b)  the  high  temperatures  required  to  decompose  the  precursors 
However,  the  possibilibes  of  large  throughput  and  good  step  coverage  are  so  attractive  that 
anempts  connnue  to  be  made  to  find  ways  to  deposit  transibon  metals  using  OMCVD  at  low 
temperature 

SELECTION  OF  SOURCE  MATERIALS 

Much  of  the  prevrous  work  involved  transition  metal  complexes  of  acac  (»cetvlacctonate). 
carbon  monoxide,  halogens  and/or  PF3 11-5J  These  precursors  frequently  led  to  incorporation 
of  heteroaioms  into  the  films,  and  otherwise  unsuitable  results  Based  on  earlier  observaoons  in 
this  laboratory  (6)  and  elsewhere  (7.8)  of  the  decomposition  of  metal  carbonyl  and/or 
hydrocarbon  complexes  under  an  atmosphere  of  hydrogen,  we  were  prompted  to  exairune  such 
denvabves  for  OMCV'D  in  the  presence  of  H;  The  complexes  tested  successfully  and  those  that 
produced  films  with  the  smallest  arrxxjnts  of  incorporated  contaminants  are  presented  in  Table  1 


Mat  t)i  •  1— t 


Laser-driven  chemical  vapor  deposition  of  platinum  at  atmospheric  pressure 
and  room  temperature  from  CpPt(CH)), 
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Photolysis  of  CpPt(Afe),(Cp  «  Me  «  CH,)  at  room  temperature  and  atmospheric 

pressure  produces  thin  films  and  patterned  structures  of  platinum  meui  on  solid  substrates 
The  platinum  films  are  characterized  by  Auger  electron  spectroscopy,  s-ray  diffraction,  and 
scanning  electron  microscopy.  Substrates  can  also  be  prepattemed  by  laser  irradiation  and  then 
developed  into  a  shiny  platinum  deposit  at  a  later  time. 


Thin  films  and  patterned  microstructures  of  platinum 
are  of  interest  for  applications  to  microelectronics  because 
the  metal  has  low  resistivity  and  high  stability.  Thermal  de¬ 
position  of  platinum  from  the  vapor  phase  has  been  success¬ 
ful  luing  PtCacetylacetonate)],  Pt(PF3)4,  and 
Pt  ( CO However,  relatively  high  temperatures  were 
required  (200-400  *€)  and  the  deposits  were  contaminated 
by  heteroatoms  from  the  ligands.  The  airntable  organome- 
tallic  platinum  compound  CpPt  ( Me )  j  has  a  high  vapor  pres¬ 
sure  (0.032  Torr  at  20  *C)^  and  has  recaitly  been  reported  to 
yield  high  quality  thermally  deposited  films  at  230*C  and 
10~*  Torr.*  Photolysis  offers  a  promising  method  of  produc¬ 
ing  thin  films  and  especially  patterned  microstructures  at 
temperatures  much  lower  than  those  possible  in  pyrolysis.* 
Laser-induced  chemical  processing  for  microelectronics 
takes  advanuge  of  both  the  specificity  of  the  laser-induced 
chemistry  and  the  ability  of  laser  light  to  confine  the  reac¬ 
tions  to  the  irradiated  regions.'  We  report  here  the  room 
temperature  atmospheric  pressure  photolysis  of  CpVi(.Me)y 
{Cp  K  ej*-Cy^yMe  K  CH})  to  produce  thin  films  and  pat¬ 
terned  structures  of  platinum  metal  on  solid  substrates. 

CpP\(Me)y  was  prepared  by  the  published  procedure.* 
Laser  photolysb  was  carried  out  with  the  308  nm  Une  of  a 
XeCI  excimer  laser  and  with  the  331  and  364  nm  lines  of  an 
argon  km  laser.  The  irradiation  was  carried  out  in  a  glass 
flow  cell  with  a  quartz  window.  Crystals  of  the  Pt  compound 
tn  asmall  bulb  were  warmed  to  —  36  *C  (approximate  vapor 
pressure  0.33  Torr)*  and  transported  to  the  cell  by  flowing 
Ar  at  a  flow  rate  of  2  oc/s.  Hydrogen  gas  was  introduced  to 
the  cell  in  proximity  to  the  laser  beam.  Gas  flow  was  parallel 
to  the  surface  of  the  substrate.  All  photolyses  were  carried 
out  at  atmospheric  pressure  with  the  laser  beam  perpendicu¬ 
lar  to  the  surface.  The  substrates  used  in  these  studies  includ¬ 
ed  glass,  fused  silica,  sapphire  ( lT02),  Si  ((X)l ),  and  GaAs 
((X)]).  The  single-crystal  silicon  wafers  were  degreased  by 
immersion  in  trichloroethylene  and  then  rinsed  in  methanol 
and  de-ionized  water.  The  wafer  was  then  twice  etched  for  2 
min  in  a  1 :4  aotution  of  30%  hydrogen  peroxide  and  concen¬ 
trated  sulfuric  acid,  rinsed  in  de-kmized  water  and  blown 
dry  in  nitrogen 

The  absorption  spectrum  of  CpPt  ( Me ) ,  in  the  gas  phase 
is  almost  identical  to  that  of  the  compound  in  cyclohexane 
solution  The  lowest  energy  band  has  at  288  nm  with 
an  extinction  coefficient  ofJ  2  x  10*  '  cm"  '.  The  extinc¬ 

tion  coefficients  at  the  wavelengths  of  irradiation  are 


LfixlO*.  2.2x10*.  and  3.8x10'  M-'cm"'  at  308,  351, 
and  364  nm,  respectively. 

Photodeposition  studies  at  308  nm  were  carried  out  by 
irradiating  a  circle  1  mm  in  radius  with  2.6  mJ/pulse  at  10 
Hz.  Shiny  deposits  were  formed  in  about  10  min.  The  result¬ 
ing  films  were  about  IO*Athick.  Under  these  conditions,  the 
rate  of  deposition  is  on  the  order  of  100  A  per  minute.  The 
films  were  shiny  when  hydrogen  wu  present  but  black  in  the 
absence  of  hydrogen.  Photodeposition  under  cw  conditions 
was  carried  out  with  fluences  of  4-3  mW/mm*  at  331  and 
364  nm.  Under  the  same  conditions  of  flow  rates  and  tem¬ 
peratures  as  used  above,  visible  filnu  were  formed  in  about 
10  min.  The  shiny  or  black  deposits  were  similar  to  those 
produced  with  the  pulsed  laser.  Photolyses  were  attempted 
by  using  the  visible  lines  (488  and  314  nm)  from  the  argon 
km  laser.  No  deposits  were  formed  with  laser  fluences  as 
high  as  O.S  W/niffl*  These  resulu  suggest  that  the  depo¬ 
sition  process  depends  critically  on  the  absorption  of  light 
and  involves  a  photochemical  process  rather  than  solely  re¬ 
sulting  from  local  heating  of  the  substrate.  However,  the 
overall  mechanism  may  also  involve  surface  adsorption  of  a 
photointermediate  followed  by  thermal  reactions  on  the  sur¬ 
face  {vide  ii\fra). 

The  platinum  films  were  characterized  by  Auger  elec¬ 
tron  spectroscopy  (AES).  The  films  were  wiped  with  ace¬ 
tone  to  remove  contaminants  introduced  subsequent  to  the 
deposition,  allowed  to  dry.  and  loaded  into  a  sample  treat¬ 
ment  chamber.  The  films  were  then  transferred  to  the  analy- 


FIC  I  AuffT  ckciron  tpectn  oT  ( A  )  ■  thin)  drpoui  and  (B  )  •  bltck  f - 
oottecied  with  ■  bemitphmeal  analyxrr  The  Pi  peakt  arc  ai  21*.  T?'  and 
253  cV  TVCpeak  uai  274  cV 


1705 


Appi  Pnyi  L*n  aztis)  31  October  1»ee  0003-6051/aa/441705-03$0i  00 


C  toss  Amencan  Inattui*  &  Phywes 


1705 


Surface  Science  204  (1988)  L72I  -  L724 
North- Holland.  Amsterdam 


I  7;i 


SURFACE  SCIENCE  LETTERS 

VIBRATIONAL  SPECTRA  OF  HYDROGEN  ATOMS  ADSORBED 
ON  MBE-GROWN  GaAs(lOO) 

David  M.  JOSEPH.  Robert  F  HICKS 

Dfpaftmem  of  Chemical  Engintrnnn,  SS3I  Boelirr  Hall.  Vniiersiii  if  Cuhtorma.  Iji\  Anfti  U  s 
CA  9002A  139: .  USA 

Urry  P.  SADWICK  and  Kang  L  WANG 

Deparimeni  of  Electrical  Eaginerring.  Vnivertiiy  of  California.  Los  Angeles.  CA  VIJOJA  liVA.  USA 
Received  24  May  1988;  accepted  for  publication  22  June  1988 


Internal  reflection  infrared  spectroscopy  was  used  for  the  first  time  to  observe  the  vibrational 
spectrum  of  H  atoms  adsorbed  on  GaAs<l(X))  surfaces  grown  by  molecular  beam  epitaxy  Initial 
H  atom  exposure  produces  one  peali  at  2100  cm~'  due  to  an  arsenic  hvdnde  species  With 
prolonged  exposure,  the  2100cm"’  vibration  disappears  and  a  second  one  appears  at  2140  cm"  ' 
doe  to  arsenic  monohydride  Thus,  for  MBE-grown  GaAsdOO)  onlv  arsenic  is  accessible  to  the  H 
atoms,  and  adsorption  of  H  causes  a  change  in  the  surface  structure 


The  interaction  of  gaseous  atoms  and  molecules  with  compound  semicon¬ 
ductors  can  dramatically  affect  the  composition,  structure,  and  electronic 
properties  of  their  surfaces.  Materials  fabricated  by  molecular  beam  epitaxy 
(MBE)  for  metal-organic  vapor  phase  epitaxy  (MOVPE)  grow  from  a  surface 
exposed  to  gaseous  species.  The  resulting  film  composition  is  a  replica  of  the 
surface  composition  during  growth.  Moreover,  the  surface  of  the  semiconduc¬ 
tor  exposed  prior  to  deposition  of  a  metal  Film  becomes  the  active  interface  in 
an  electronic  device. 

Hydrogen  atoms  strongly  interact  with  GaAs  surfaces  at  room  temperature. 
Bartels  et  al.  [1]  found  that  H  atom  adsorption  on  cleaved  GaAs(11G) 
generates  depletion  layers  in  p-  and  n-type  material  which  pin  the  Fermi  levels 
at  0.63  and  0.85  eV  above  the  valence  band  maximum.  rcsjTcctively.  Thermal 
desorption  spectroscopy  of  H  from  cleaved  GaAsfllO)  reveals  that  AsH, 
desorbs  at  room  temperature  (2)  Arsine  continues  to  desorb  with  repealed 
adsorption-desorption  cycles  Thus,  the  pinning  of  the  Fermi  level  by  H 
appears  to  be  associated  with  the  creation  of  arsenic  defects 

There  have  been  few  studies  of  H  atom  interaction  with  MBE-grown 
GaAsdOO)  surfaces  (3).  These  surfaces  are  stabilized  by  arsenic  The  As 
coverage  of  the  top  layer  can  vary  from  100?  to  30?  depending  on  the  extern 
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Infitarad  apedmoopy  of  atboibed  molecola  has  bees  used  to  cbancteiize  Kmicoadoctar 
nafaan  Won;  teinf,  and  aAer  molenilar-beam  cpiuay  growth.  The  techoique  reliea  on  the 
priadple  of  BOhiple  intcraa]  reflectioiu  to  eahanoe  weak  ropoBae  ariaag  from  the  Bulecolea 
adaofbed  onto  the  acmioanductflr  nulaoe  or  trapped  withiB  the  Shn.  The  raohmf  IR  spectnnn 
due  to  the  admbed  aaolcculn  provides  detailed  informaboo  about  the  and  phydeal 

structaral  boodini  properties  both  withia  the  epitaxial  layer  and  at  the  aemioaodactor^vacnaa 
faterfiue.  The  capetimeatal  setup  is  oon^tible  with  UHV  nquiremeott  and  has  becB  utiliaad  is 
the  preaaare  laage  frtn  atmospheric  down  to  the  low>10~  **  Torr  levd. 


LsrmoouenoN 

fas  the  post  few  years,  a  large  effort  has  bees  devoted  to 
■todying  atomically  dcao  semiconductor  surfaces  and  the 
iray  in  which  the  asodifentioii  of  sudi  surfeccs  affects  the 
Biaterial  and  deetiical  propertks  of  devices  fcbricated  on 
Ihia  ferns  groom  oa  these  surfaces. 

Ja  this  papCT.  we  diacBtt  the  use  of  mfrared  ^wetroaoopy 
to  charactense  aemiooeductort  during  depositioo  by  mol^ 
■kr^heam  epitaxy  (MBE)  and  chrmirol  beam  epitaxy 
(CBE).  There  are  a  Bomber  of  excellent  reviews  00  bow  to 
Bse  this  technique  to  atudy  thin  ferns  and  surfaces. 

We  have  recently  reported  the  Arst  observation  of  the  vi- 
spw'trum  of  atomic  hydrogen  adtoibed  on  MBE 
powa  OaAs.*  Initia]  H  atom  exposure  resulted  in  a  peak  at 
1100  cm~'  due  to  an  arsenic  hydride  qiecies  AAm  pro¬ 
longed  H  atom  expoaure,  the  nbratioos  due  to  the  areenic 
kydride  dnappeared  and  the  arsenic  mortohydride  (AaH) 
rferation  is  observed  at  2140  cm-*.  We  have  also  investigat- 
id  the  incorporation  of  trimethyl  gallium  producu  during 
he  growth  of  OaAa  by  MBE*  Moderate  concentrations  of 
rimetbyl  gaOium  led  to  otensive  carbon  tnoorpontioo.  Ab- 
Oihnnoe  at  2930,  2923,  and  2833  cm~ '  svere  observed  al- 
Boat  iaatantly  and  contmued  to  grow  in  inteasity  as  tbe 
2aAa  ama  depoahed.  These  absoebanoe  peaks  have  been  at- 
rfeoted  to  C-H  stretch  of  CHj  and/or  CH,  groups 
ondadtoacmioofidnctoruomswittotbeftlffl.Ttottnde- 
irablecarboninoocpantioomaybeafignilicanl  oocsiders- 
ton  fat  the  dedsioo  of  whether  trimethyl  gallium  is  suiuble 
s  a  gas  aouroc  for  dtemkal  beam  epitaxy. 

There  are  basically  tiro  IR  ^ectrosoopy  methods;  tbe 
Mventional  external  and  the  more  elaborate  attenuated  to¬ 
il  reflection.  In  ameaet,  attenuated  total  icflectioo  spec- 
noopy  has  a  greater  sadtivity  and  resolution. 

This  worii  dmeueasa  feeam  of  in  situ  attenuated  total  re 
Bctiao  (ATR)  spectroacopy  far  studying  surface  reactions 
I  the  initial  stages  of  MBE  growth  and  the  impuhty  incor- 
oratioo  of  tbe  grown  fllm. 

.  EXPERIMENTAL  METHOD 


spheric,  nnd  can  assign  the  characteristic  vftntional  fre- 
qaencifs  to  various  contaminanti,  Thcexpcrimcutalcoaflg- 
Btation  shown  in  Fig.  1  cendstrd  of  an  uhxahlgh  vacainn 
OaAs  MBE  chamber  which  containad  (amanf  other  com- 
poacata)Oa.Aa.aadSiKandaeaodlssaniNadedbyaliq- 
nid  Bitrogea  cooled  shroud,  aa  dectroB  gua  (wfua  )  to  met¬ 
al  depoatiaii,  a  quadruple  mam  spectrometer,  and  catnaoe 
and  exit  optical  windows  for  tbe  IR  beams.  Tbe  catnmoe  and 
exit  optical  windows  are  made  of  ChF]  ■«««"«-«<  on  a  stan¬ 
dard  2j  in.  dism.  oonflat  flange.  Tbe  IR  beam  h  reflected  by  2 

AAb  -diatiw^ormirmn  atut  fivaintt  hy  m  OAn  Um  Kmtn 

the  sample  in  the  vacuum  chamber.  A  CbFj  kaa  with  a  cut¬ 
off  wavdeagth  of  1100  cm-'  was  ased  to  focaa  the 
onto  the  total  reflection  deaient  (IRE)  ewtraiw  The  lens 
had  a  240-Bun  flxal  leagth  and  was  mooBted  at  aa  aajfle  of 
28.4r  from  the  horizontal  to  match  to  orientatiew  of  to 
UHV  window.  A  Bio-Rad  DigHab  FTS-40  intored 
spectrometer  was  used  to  provide  to  moooduomaticcxd- 


Tbe  ATR  technique  hassubmoDoUyer  resolution,  may  be  .  - - - - - - - 

xrated  ander  any  vnosum  eonditions  including  atmo-  (IXE) 
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Theory  and  Applications  of  Band- Aligned 

Superlattices 

KANG  L,  WANG,  senior  member,  ieee  and  PERNG-FEI  YUH 


Abstract— A  gtmtrmi  arw  device  concept  based  on  the  mlniband  Junc¬ 
tions  foroMd  in  niultiplc  sapcrlatUccs  is  described.  As  betcrojuncttons 
play  an  Important  role  in  bulk  semiconductor  devices,  the  miniband 
Junctions  have  potential  applications  for  new  superlatlice  devices.  In 
the  band-aliened  structures,  Ibe  aliened  mlnibands  function  as  an  en- 
erey  alter,  which  ensures  cBcient  Injection  of  monoencreetk  carriers, 
while  the  mlniband  offsets  can  block  the  carrier  flow  similarly  to  the 
band  discontinuity  in  bulk  heterostructures.  By  engineering  the  alloy 
compositioo,  the  layer  width,  the  doping,  and  the  applied  electric  Betd, 
several  esamplcs  of  baad-aligncd  superlatlices  arc  analyzed  for  appli- 
cations  in  mlniband  transport  and  intersubband  transitions. 

I.  Introduction 

Almost  all  of  the  semiconductor  devices  are  made 
by  doped  p-n  junctions  and/or  helerojunctions.  Those 
junctions  which  make  up  the  diverse  device  world  have 
one  thing  in  common;  that  is,  they  connect  two  semicon¬ 
ductor  layers  with  different  bands.  The  bands  of  a  p-n 
junction  are  controlled  by  the  dopants,  while  the  bands  of 
a  heterojunction  are  changed  by  the  alloy  compiositions. 

The  supeiiattice  is  made  of  periodic  junctions  such  that 
the  bands  connected  by  the  junctions  form  a  one-dimen¬ 
sional  periodic  potential  [IJ.  Because  of  this  one -dimen¬ 
sional  potential  superimposed  on  the  real  crystal  poten¬ 
tial,  minibands  are  formed  within  the  conduction  and 
valence  bands.  To  explore  the  concept  of  semiconductor 
junction  further,  the  question  raised  is  what  will  be  the 
junction  which  connects  two  superlattices  having  different 
minibands.  By  analogy  with  the  junction  devices,  this  new 
superlattice  junction  formed  by  stacking  different  types  of 
superlattices  can  afford  yet  another  dimension  in  the  de¬ 
vice  world. 

Usually,  a  superlattice  is  composed  of  a  period  of  a 
simple  element,  e.g.,  square  shape  or  a  triangle  potential. 
This,  however,  need  not  be  the  case.  The  building  block 
of  the  superlattice  can  be  any  arbitrary  potential  well,  and 
in  addition,  many  different  superlattices  can  be  put  to¬ 
gether  to  form  a  device  structure.  We  refer  to  the  latter  as 
a  multiple  superlattice,  where  “junctions”  can  be  readily 
formed.  The  junctions  between  multiple  superlattices  can 
be  divided  into  two  categories:  band  alignment,  where  the 
minibands  in  both  sides  arc  partly  or  totally  aligned,  and 
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band  offset  or  band  stop,  where  the  miniband  on  one  side 
of  the  junction  becomes  an  evanescent  state  on  the  other. 
For  convenience,  the  name  band-aligned  superlattice 
(BAS)  is  used  to  refer  to  this  new  multiple  superlattice 

(2] ,  where  the  minibands  arc  purposely  aligned  or  not 
aligned,  and  a  supeijunction  is  the  junction  formed  by 
such  multiple  superlattices. 

The  methods  we  use  to  investigate  the  BAS’s  are  de¬ 
scribed  in  Section  II.  Several  structures  are  analyzed  with 
these  methods  in  Sections  III  and  IV  for  new  infrared  de 
tector  and  laser  applications. 

II.  Methods 

For  an  ideal  superlattice,  where  an  infinite  number  of 
periodical  layers  is  assumed,  the  Kronig-Penney  model 

(3]  can  be  used  to  determine  the  minibands  and  wave 
functions.  Fora  finite  superlanice,  on  the  other  hand,  re¬ 
alistic  calculations  must  be  done  for  transmission  coeffi¬ 
cient  and  current,  wave  functions,  and  carrier  density.  The 
former  model  has  been  well  established  in  the  formulation 
of  resonant-tunneling  diodes  (4],  (5).  The  latter  has  been 
developed  previously  by  us  {6]  and  also  by  some  other 
authors  in  self-consistent  calculations  [7],  [8].  However, 
all  the  previous  formalisms  consider  only  the  energies 
above  the  conduction-band  edge.  For  energies  below  the 
conduction-band  edge,  evanescent  waves  exist,  and  the 
carrier  density  due  to  these  evanescent  waves  cannot  be 
simply  neglected,  especially  for  the  analysis  of  BAS’s. 
Thus,  in  what  follows,  we  will  cite  only  the  results  for 
the  oscillatory  wave  solutions  and  describe  in  detail  the 
evanescent  wave  case.  The  GaAs/AlGaAs  material  sys¬ 
tem  is  used  as  an  example  in  the  following  calculations, 
and  extension  to  other  semiconductor  systems  is  straight¬ 
forward. 

A.  Transmission  Coefficient  and  Current 

Fig.  1  shows  the  conduction-band  edge  of  a  superlattice 
consisting  of  a  finite  number  of  layers  with  a  total  length 
L.  The  conduction-band  envelope  functions  along  the  c- 
direction,  denoted  by  and  for  the  left-  and  nght- 
hand  contacts,  respectively,  are 

1  for  oscillatory  wave 

’F,  =  <  ;  s  0 

]  A.e‘'- 

V  for  evanescent  wave. 
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ABSTRACT 

A  variety  of  transidon-fneta]  films  have  been  grown  by  organoiaetallic  chemical  v^wr 
deposition  (OMCVDJ  at  low  temperatures  osing  hydrocarbon  or  hydrido-carbooyl  metal 
complexes  as  precursors.  The  vapors  of  the  metal  complexes  arc  transported  with  argoo  at  the 
carrier  gas,  adding  Hj  to  the  stream  shortly  before  contact  with  a  heated  substrate. 

High-purity  platinum  films  have  been  grown  using  (T)’-C5H5)PtMe)  [1]  or 
(r|^-CH3CjH4)PtMe3  [2]  at  substrate  temperatures  of  180*C  or  120*C.  mspecdvely.  The 
incorporaboo  of  a  methyl  subsdtuent  on  the  cyclopentadienyl  ligand  decreases  the  melting  point 
of  the  organoplatinum  complex  from  106*C  (1]  to  30^  (2]  and  increases  the  vapor  pressure 
substantially.  Rim  deposition  also  occurs  at  a  lower  substrate  tonperanne.  Analyses  by  X*ny 
diffraction  (XRD),  Auger  electron  spectroscopy  (AES)  and  X-ray  photoelectron  spectroscopy 
(XPS)  indicate  that  the  films  are  well  crystallixed  and  do  not  contain  any  observable  uqnoities 
after  qiuoer  cleaning. 

The  substrate  temperatures  for  the  first  appearance  of  other  transinon-metal  films  from 
organometallic  precursors  are  as  follows  (*C):  Rh(Ti’-C3H5)3  (12(VSi).  Ir(ti*-CsH5)3 
aOO/Si),  HRe(CO)5  (130/Si)  and  Ni(Ti’-CH3CjH4)2  (19CVglas$.  28Cl/Si).  These  films  are 
essentially  amorphous  and  contain  trace  oxygen  impurities  (<  2%),  except  for  the  Re  film,  which 
was  10%  oxygen  and  20%  carbon. 

INTR<X)UCTION 

Low-temperature  deposition  processes  are  desired  for  very  large-scale  integrated  (VLSI) 
microelectronics  to  reduce  wafer  warpage,  generation  of  defecu,  and  redistribution  of 
dopants(s).  Organometallic  chemical  vapor  deposition  (OMCVD)  often  provides  routes  to 
desired  materials  at  lower  temperature  than  possible  with  cotreqionding  inorganic  precursors. 
The  difficulties  of  deposition  of  most  transition  metals  using  CVD  are,  (a)  the  tson-tvailability  of 
volatile  precursors  and,  (b)  the  high  temperatures  required  to  decompose  the  precuisors. 
However,  the  possibilities  of  large  throughput  and  good  step  coverage  are  so  attractive  that 
anempts  continue  to  be  made  to  find  ways  to  deposit  iraiuition  toetals  osing  OMCVD  at  low 
temperaniic. 

SELECTION  OF  SOURCE  MATERIAU 

Much  of  the  previous  work  involved  trantidon  metal  complexes  of  acac  (acerytacetonate), 
carbon  monoxide,  halogens  and/or  PF3  (1-S].  These  precurson  frequently  led  to  incorporation 
of  heteroatoms  into  the  films,  and  otherwise  unsuiuble  results.  Based  on  earlier  obaervations  in 
this  laboratory  (6]  and  elsewhere  (7.8)  of  the  decomposition  of  metal  carbonyl  and/or 
hydrocarbon  complexes  under  an  atmos{rf)ere  of  hydrogen,  we  were  prompted  to  goch 

derivatives  for  OMCVD  in  the  presence  of  Hj.  The  complexes  tested  successfully  and  thoae  that 
produced  films  with  the  smallest  amounts  of  incorporated  contaminants  are  presented  in  Table  1. 
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ABSTRACT 

Epitaxial  thin  films  of  three  different  Pl-Ca  faitermetallic  compounds  have  been  grown  on  GaAs  by 
molecular  beam  epitaxy  (MBE).  The  resultant  films  have  been  annealed  at  various  temperatures  and  then 
examined  using  X-ray  two-theta  diffraction.  Both  PtGa2and  PtGa  thin  films  are  chemically  stable  on  GaAs 
under  1  atmosphere  of  N2  up  to  4S0*C  and  600*C.  leqiectively.  Thin  films  of  Pi2Ga  react  with  GaAs  at 
temperatures  as  low  as  20(^  to  form  phases  with  higher  Ga  concentration. 


IntroducMD 

The  mterface  chemistry  of  metal-aemicooductor  contacts  plays  an  importam  role  in  controlling  the 
electrical  properties  of  Schouky  barriers  and  Ohmic  contacu  (!].  Chemically  stable  contacts  most  be  formed  at 
the  fnetal-semiconductor  inteittce  in  order  for  electrooic  devkea  to  survive  processiiig  procedures  and  operate 
reliably  in  harsh  environineat  applications  for  long  periods  of  time  [23]-  A  possiMe  scJution  for  this  interfru^e 
problem  would  be  to  use  a  contact  metal  that  can  coexist  with  GaAs  in  bulk  thermodynamic  eqnlibrium.  Such 
stable  metals  can  be  found  by  examining  ternary  phase  diagrams,  such  as  the  Pi-Ga-As  system,  trhich  ams 
experimentally  elucidated  by  Tsai  et  al.  [4]  and  is  illustrated  in  Fig.  1.  The  existence  of  a  pseudobinary  de-line 
between  two  conqKwnds  in  the  ternary  phase  diagram  im^dies  chat  the  compounds  wiU  not  react  adth  each  other 
in  a  closed  system,  ije.  the  bulk  compounds  are  in  dN^odynamic  equilibrium  adth  respect  to  each  other. 
Therefore,  from  Fig.  I  it  can  be  expei^  that  PiGa  and  PKja2  will  foim  stable  contacts  with  GaAs  but  that 
Pt2Gs  will  not  In  the  present  study,  these  expectations  are  tested  by  investigating  the  phase  composidon  of 
thin  films  of  Pi2Ga.  PtGa  and  PiGa200  Ga.4s  afro  annealing  to  various  tempoauires. 


Film  Growth 

The  Pi-Ga  miermecallic  films  were  grown  in  a  MBE  chamber  with  a  base  pressure  of  2  x  10’*^  too  and 
a  deposition  pressure  of  qtproximately  4  x  lO*^  lotr.  The  two  inch  GaAs  subsreies  were  introduced  via  a 
cryopumped  load  lock  system  and  mounted  on  a  modified  manqrulator  equipped  with  ndiadve  bcadqg  elements. 
The  samples  were  cleaned  in-sitn  by  heating  to  a  •emperatnre  of  approximately  52S*C.  The  pladnum  was 
evaporated  using  a  Vartan  3  KW  ekoroo  beam  evaporator  nd  the  gallium  was  obtained  from  a  Kiuidsen 
cell  constructed  of  a  pyrolytic  boron  nitride  (PBN)  crucible  with  a  tanialium  beadng  elemem.  The  fluxes 
of  pladnum  and  gallium  were  initially  tuned  to  the  proper  stoichiometry  based  on  empirical  knowledge.  PtGa2 
can  be  visually  identified  by  its  chaiacteristic  goldea  color,  since  PiGa2  is  the  only  Pt-Ga  phase  that  has  a 
band  structure  Bmilar  to  that  of  elemental  gold  [S].  Neitfaer  PK3a  nor  I^Ga  can  be  easily  identified  by  color. 
The  flux  rate  from  the  gallium  source  was  aabilged  by  temperature  contid  circuits  that  ensued  a  constant  flux 
rate  for  each  aouroe  power  setting.  Subsequent  deposidoos  hm  been  controlled  with  a  Leybold-Inficon  IC-dOOO 
crystal  monitor  tystem.  To  obtain  tingle  phase  IH-Oa  faitermetallic  films,  the  flux  ratio  6L  gallium  to  pladnium 
was  adjusted  to  be  slightly  Oa  rich.  Co-evaporadoo  of  each  Pt-Ga  faitermetallic  proceeded  with  the  substrate 
held  at  leaqwratures  ranging  from  near  room  temperature  to  over  500*C  at  epilaya  growth  tales  ranging  from 
approximately  03  to  5  microas/hour. 


romposidon  Analysis 

XRD  patterns  of  the  films  were  taken  on  a  Philitpt  X-ray  powder  diffractometer,  which  was  interfaced  to 
a  microcompater  that  controlled  the  scan  rate  and  coUecied  dau  at  0.1*  intervals  with  a  counting  time  of 
10  seconds  at  each  angle.  The  loud  tune  required  for  a  complete  scan  (29  from  10*  to  100*)  was  abou  3  hours 
and  the  qrpical  Bgnal-KHK>ise  ratio  for  a  nrong  diffruction  peak  was  30  to  l.Thedq)aciiigsoftbePtGa2tnd 
Pt20t  thin  films  were  checked  sgafaut  a  referencetaboladao  (6]  to  ensure  that  they  were  Identified  conectly.  As 
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Abstract:  (i)*-Meihylcyclopeniadicnyl)trimethylplatinum,  (>i*-MeCp)PiMe3,  I  (MeCp  =  CH3C5H4).  is  synthesized  from 
irimethylplaiinum  iodide  and  sodium  mcthylcyclopentadienide  by  the  method  of  Fritz  and  Schwarzhans.  By  using  some  care 
in  the  puriFication  of  bis(methylcyclopentadiene)  from  dicyclopentadicnc,  a  sample  of  1  is  obtained  showing  a  melting  point 
of  29.5-30.0  “C  and  a  vapor  pressure  of  0.053  Torr  at  23  ®C.  'H  and  '’C  NMR  spectra  have  been  obtained,  the  latter  both 
in  solution  as  well  as  in  the  solid  slate.  Coupling  constants  to  the  cyclopentadienyl  ring  carbons  art  found  to  differ.  Hz:  '’’Pt-'^Cp,!, 
=  1 3  62.  while  '’^Pt-'XlH  =  2.82  or  5.34,  Five  separate  resonances  are  observed  for  the  ring  carbon  atoms  of  the  MeCp  group 
in  the  solid  slate  I'HI'^C  NMR  However,  only  one  signal  is  observed  at  -73  ®C  or  higher  for  the  three  methyl  groups  on 
Pi.  indicating  a  low  barrier  for  rotation  of  these  groups  in  the  solid  slate.  The  structure  has  been  determined  on  a  single  crystal 
of  I  at  -143  *C:  monoclinic,  space  group  P2,.  with  a  =  7.159  (2)  A.  6  =  1 1.092  (3)  A,  c  =  6.004  (1)  A.  and  B  =  106.806 
<6)®,  The  structure  was  solved  and  refin^  by  using  907  observed  (/  >  3<r(/))  independent  reflections  measured  on  a  Picker 
automated  diffractometer.  Refinement  uncorrected  for  absorption  converged  at  /?  =  0.034  and  R.  =  0.060.  The  principal 
finding,  of  significance  to  the  solid-sute  NMR.  is  the  intermolecular  contacts  of  3.98. 4.55.  and  4.94  A  between  closest  ring-carbon 
atoms  on  independent  molecules  in  adjacent  unit  cells.  These  contacts  are  too  close  to  permit  rouiion  of  the  MeCp  rings 
The  ring  is  peniahapto-bonded  with  alrttost  identical  Pi  to  ring-carbon  distances  within  the  limited  accuracy  of  this  determination. 
A:  C,Mcr^  ~  2.266.  C(H)-Pi  =  2.260,  2.3 1 4,  2.354,  and  2.324.  For  deposition  of  metallic  platinum,  a  stream  of  Ar  gas  at 
ambient  pressure  is  first  saturated  with  the  vapor  of  I  at  23  ®C.  This  is  then  conducted  into  a  chamber  containing  Hj  gas 
such  that  the  ratio  of  saturated  AriHj  =  4.1.  A  substrate  such  as  a  glass  slide  or  a  Si(  100)  wafer,  placed  near  the  outlet  of 
the  saturated  Ar  gas  stream  and  heated  to  1 20  ®C,  becomes  coated  with  a  film  of  highly  reflective  ft  metal.  The  films  have 
been  characterized  by  powder  X-ray  diffraction  (indicating  a  crystalline  nature)  and  with  X-ray  photoelectron  spectroscopy 
(XPS).  A  high  purity,  i.e.,  less  than  1  atom  %  C.  is  indicated 


Thin  films  of  platinum  are  used  extensively  in  microelearonics 
device  processing'-^  and  electrodeless  metal  plating.’  Thermal 
deposition  of  platinum  from  the  vapor  phase  has  been  reported 
with  use  of  Pt(acetylacetonate)j,  Pt(PFj)4,  or  Pt(CO)jClj.*^ 
These  depositions  require  high  temperature  (200-600  ®C),  and 
the  films  are  contaminated  by  heteroatoms  from  the  ligands.  We 
have  been  interested  in  finding  other  volatile  organometallic 
compounds  to  obtain  platinum  films  of  higher  purity  The  ready 
decomposition  of  tris(ethylene)platinum  was  already  known.’ 
However,  this  hydrocarbon  precursor  is  much  too  unstable  for 
long-range  storage  and  handling.  Recently  our  group*  and  others’ 
have  reported  organometallic  chemical  vapor  deposition 
(OMCVD)  from  hydrocarbon  precursors  In  our  work,'  platinum 
films  of  high  purity  (>99  atom  %)  and  high  crystal  quality  were 
obtained  at  180  ®C  from  CpftMej  (Cp  =  cyclopentadienyl)  in 
the  presence  of  H2.  The  need  to  have  a  liquid  organometallic 
precursor  for  better  control  of  evaporation  has  led  us  to  investigate 
(methylcyclopentadienyl)irimeihylplatinum,  (MeCp)ftMe3.  re- 
ported'"  to  be  an  oily  substance  at  room  temperature.  Here  we 
report  our  studies  on  this  complex.  A  preliminary  account  of  a 
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part  of  this  work  has  appeared." 

ExpcrimeiiUl  Section  and  Results 

Preparation  of  (MeCplftMfj,  I.  Commercially  available  bis(me- 
thylcyclopeniadiene)  (Aldrich)  u  only  95%  pure  TThe  dimer  is  thermally 
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A  new  process  for  deposition  of  thin  metal  films  from  organometallic  precursors  of  limited 
volatility  has  been  demonstrated.  Short  path  vapor  transport  of  the  complexes 
dichloro(tetracarbonylcobalt)gallium(III)  tetiahydrofuranate,  (CO)4CoGaCI;(THF),  or 
platinum ( bis-dimethylglyoximato)  ( bis-dimethylgallium ) ,  Pt { ( N jC; (CH j )  jO, )  ( GaMc; ) } ,. 
each  under  a  stream  of  hydrogen,  leads  to  the  films  of  the  intermetallic  compounds  CoGa  and 
PtGaj,  respectively,  on  substrates  such  as  Si  ( 100)  wafer  or  a  glass  slide  at  500  'C  The 
compounds  were  identified  and  characterized  by  x-ray  diffraction.  Auger  electron  and  x-ray 
photoelectron  spectroscopies.  The  films  are  crystalline  and  highly  reflective  The  CoGa  film  is 
single  phased;  the  PtGa,  film  shows  a  minor  constituent  of  Pt^Ga,. 


Metal-semiconductor  interfaces  to  form  active  Schottky 
barriers  or  Ohmic  contacts  are  essential  for  solid-state  cir¬ 
cuits.  '  Whether  a  good  Ohmic  contact  to  III-V  semiconduc¬ 
tors  can  be  achieved  depends  on  the  properties  of  the  materi¬ 
als  deposited  on  the  surface  of  the  semiconductors  and  the 
process  of  the  contact  formation.  The  formation  of  the  con¬ 
tact  should  not  undergo  excessive  high-temperature  anneal¬ 
ing  because  III-V  semiconductors  are  unstable  under  heat 
treatment.^  Schottky  barrier  gates  require  a  reasonably  large 
barrier  height  and  good  thermal  stability  during  the  tem¬ 
perature  cycle  for  the  subsequent  source/drain  Ohmic  con- 
uct  formation.  Most  elemental  metals  are  chemically  reac¬ 
tive  on  III-V  semiconductor  surfaces  ^  However,  certain 
intermetallic  compounds  of  transition  metals  and  group  III 
metals  have  been  found  to  be  thermodynamically  stable  on 
the  Ill-V  surfaces  '  Currently,  the  deposition  of  thin  films  of 
intermetallic  compounds  involves  coevaporation  of  the  ele¬ 
ments  from  separate  sources  in  a  vacuum  chamber. The 
primary  difficulty  with  this  approach  is  that  the  desired  met¬ 
al  ratios  are  difficult  to  control 

Recently,  we''  and  others’  have  shown  that  hydrocarbon 
complexes  of  transition  metals  are  excellent  precursors  for 
thin  metal  films  by  low-temperature  organometallic  chemi¬ 
cal  vapor  deposition  (OMCVD);  some  of  these  films  arc 
obtained  in  unprecedented  purity.'’  Deposition  of  organomc- 
tallic  complexes  containing  transition  metals  and  group  III 
metals  in  the  ratio  required  for  a  particular  stoichiometric 
intermetallic  compound  is  of  great  current  interest.  The  in- 
tcrmctallic  compounds  CoGa  and  PiGa,  are  particularly  in¬ 
teresting  because  they  form  chemically  very  stable  contacts 
on  gallium  arsenide.'* '  However,  previous  attempts  to  form 
alloys  via  decomposition  of  mixed  metal  complexes  have 
shown  that  it  is  difficult  to  maintain  the  original  metal  ratio 
in  the  film,  especially  when  one  component  is  volatile  "  Here 
we  report  the  formation  of  the  first  CoGa  and  PtGa,  inter- 
metallic  compounds  from  mixed-metal  organometallic  pre¬ 
cursors 

Very  few  organometallic  compounds  with  the  desired 
ratios  of  elements  have  thus  far  been  reported  ''  For  this 
study,  we  selected  (COl^CoCiaCKiTHFKTHF  =  tetrahy- 


drofuran),  1,'°  and  PtilNjCjlCHjljOj)  (GaMej)}j, 
2,”  structures  of  which  are  shown  in  Fig  1 

These  compounds  have  a  very  low  vapor  pressure  at 
room  temperature  Therefore,  the  depositions  are  earned 
out  in  a  quartz  combustion  tube  heated  by  a  cylindrical  fur¬ 
nace  of  known  temperature  profile,  for  this  work  we  ob¬ 
served  a  Gaussian  distribution  beginning  at  lOO'C  at  the 
edge  of  the  furnace  when  the  maximum  was  at  500  ’C  in  the 
center  (for  an  overall  furnace  length  of 40  cm)  Solid  sam¬ 
ples  of  either  1  or  2  on  a  quartz  boat  were  placed  in  a  cool 
portion  of  the  combustion  tube  and  purged  under  a  stream  of 
hydrogen  (20ml/min)  for  20  to  30  min  The  sample  holders 
were  then  pushed  to  a  predetermined  point  to  generate 
enough  vapor  pressure  to  be  transported  towards  the  sub¬ 
strates,  i.e ,  300  *C  for  1.  or  160’C  for  2  The  substrates 
|Si(  100)  wafer  or  glass  slide]  were  located  near  the  center  of 
the  tube.  The  depositions  were  carried  out  over  a  2  h  period 
and  the  products  obtained,  namely,  highly  reflective  films  of 
CoGa  or  PtGa,,  were  identified  and  characterized  by  several 
means 

Power  x-ray  diffraction  patterns  (XRD)  of  the  films 
were  taken  on  a  Philips  diffractometer  utilizing  a  Crystal 
Logic  interface  to  a  DEC  VAX  11/750  mainframe  comput¬ 
er.  Diffraction  patterns  were  obtained  by  accumulation  of 
data  for  periods  of  time  upwards  of  12  h  to  achieve  an  ade- 
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DEPOSITION  OF  TRANSITION  METAL  AND  MIXED  METAL 
THIN  FILMS  FROM  ORGANOMETALLIC  PRECURSORS 
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Abstract.  —  A  variety  of  transition  metal  films  have  been  grown  by  (a)  organometallic  chemical  vapor  deposition 
(OMCVD),  or  (b)  photo-assisted  OMCVO  of  volatile  hydrocarbon  precursors,  and  (c)  short-path  OMCVD  for 
organometallic  precursors  of  limited  volatility.  High  purity  films  have  been  grown  for  Re,  Rh,  Ir,  Ni,  and  Pt  under 
(a).  Under  (b),  thin  films  have  been  grown  of  Pt,  Rh,  or  Ir,  however  these  contained  somewhat  greater  carbon 
content  than  the  films  obtained  under  (a).  The  vapors  of  volatile  hydrocarbon  derivatives  are  transported  with  argon 
as  carrier  gas  to  selected  substrates  either  (a)  being  heated  to  temperatures  of  100  to  300°  C,  or  (b)  being  irradiated 
using  several  different  light  sources.  Hydrogen  gas  is  introduced  into  the  reaction  chamber  such  that  the  ratio  of 
sample-saturated  Ar  carrier  gas  to  Hj  is  1:1  at  the  substrate.  Kinetic  studies  on  mixtures  of  (T|‘’-CtHs)PtMe3  and  H; 
reveal  an  induction  period  before  measurable  amount  of  surface  reaction  takes  place;  the  reaction  is  catalyzed  by 
deposited  metal. 

Procedure  (c)  has  been  employed  for  the  deposition  of  films  of  the  intermetallic  compounds  CoGa  and  PtGaj.  A 
reaction  tube  of  known  thermal  gradient  is  employed  and  hydrogen  gas  is  also  present.  Mixed-metal  precursor 
complexes  were  found  to  have  less  than  10’’  Torr  vapor  pressure  at  room  temperature.  Such  complexes  are  placed 
in  a  ceramic  boat  in  the  reaction  tube  at  a  point  where  sufficient  vapor  pressure  is  developed  for  transport.  Substrates 
to  be  coated  are  placed  further  along  the  reaction  tube  at  the  temperature  required  for  controlled  decomposition  of 
the  precursor- complexes.  The  resulting  CoGa  and  PtGaj  films  have  been  analysed  by  X-ray  diffraction.  Auger  electron 
spectroscopy  and  X-ray  photoelectron  spectroscopy  (XPS). 


Introduction 

This  is  an  account  of  a  collaborative  effort  among  workers 
in  several  disciplines  beginning  with  organometallic  synthesis 
and  thermal  vapor  deposition  in  my  group  (Dr.  Yea-Jer  Chen. 
Dr.  Hans-Joachim  Muller,  Ziling  Xue  and  Daqiang  Xu), 
proceeding  to  photo-assisted  OMCVD  in  collaboration  with 
my  colleague  J.  1.  Zink,  evaluation  of  the  thin  films  by  R.  S. 
William  and  his  students  (David  Shuh  and  Young  Kwan 
Kim),  and  kinetic  studies  of  the  thermal  deposition  in  collabo¬ 
ration  with  R.  F.  Hicks  of  the  Chemical  Engineering  Depart¬ 
ment. 

The  selective  deposition  of  metal  films  of  high  purity  is  of 
vital  importance  in  integrated  circuits  '' Chemical  vajKir 
deposition  (CVD)  is  often  the  method  of  choice  for  such 
applications  compared  to  physical  methods  of  deposition 
such  as  sputtering  or  evaporation  under  ultra  high  vacuum 
(molecular  beam  epiuxy) '  ^  The  advantages  of  CVD  are 
selectivity,  conformal  step  coverage,  radiation  damage-free 
deposition,  high  throughput,  and  low-cost '.  These  factors 
also  make  CVD  more  suited  for  industrial  production  '. 

Thermal  Deposition  of  Thin  Filins  of  Platinum 

The  need  for  improved  precursors  for  the  CVD  of  platinum 
was  indicated  to  us  in  the  published  work  summarized  in 


Table  I  ’.  The  temperatures  required  for  these  depositions 
were  relatively  high  (200-600°  C)  and  the  films  obtained  were 
contamined  by  heteroatoms  from  the  ligands. 


TiUt  I.  -  Previousstudiesof chemical vapordepositionof platinum*. 


Precursor 

Source 

lemp 

CC) 

Deposition 
temp  ("C) 

Comments 

Pt(orof).'^ 

150 

550 

lots  of  carbon 

Pi(CO).Cl: 

125 

400 

wrinkled,  non-adherent  film 

Pi(PF,)4 

25 

250 

5*/«  phosphorus 

*  See  ref.  3. 

*  ofor  =  acelylaoelonale,  CH)C(0)CHC(0)CH3‘ . 


We  were  aware  of  the  ready  decorhfxisition  of 
tris(ethylcne)platinum  *.  which  complex  was  discovered  after 
the  above-mentioned  studies  had  appeared.  This  compound 
is  stable  only  under  an  atmosphere  of  ethylene  and  readily 
deposits  platinum  if  the  pressure  of  ethylene  is  removed 
and.'or  reduced.  We  were  interested  to  find  a  hydrocarbon 
complex  with  somewhat  better  thermal  and  chemical  stability 
The  studies  of  Egger '  on  (rj'-CjHslPtMes  *  offered  a  promi¬ 
sing  lead.  Egger  reported  that  "gaseous  trimethylcyclopenta- 
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Structural  and  chemical  stability  of  thin  films  of  Pt-Ga 
intermetallic  compounds  of  GaAs(OOl) 

Young  K.  Kim,  Dclroy  A.  Baugh,  David  K.  Shuh,  and  R.  Stanley  Williams 
Department  of  Chemistry  and  Biochemistry  and  Solid  State  Science  Center,  Unnersity  of 
C^fomia,  Los  Angeles,  California  90024-1569 

Larry  P.  Sadwick”  and  Kang  L.  Wang 
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(Received  S  June  1990;  accepted  9  July  1990) 

Nearly  single-phase  thin  films  of  three  different  Pt-Ga  intermetallic  compounds  have 
been  grown  on  GaAs(OOl)  by  co-deposition  of  Pt  and  Ga.  The  resultant  films  have  been 
annealed  at  various  temperatures  and  then  characterized  using  x-ray  two-theta 
diffractometry  (XRD),  Auger  electron  spectroscopy  (AES),  and  x-ray  photocmission 
spectroscopy  (XPS).  The  XRD  results  showed  that  P*tGa2  and  PtGa  thin  films  are 
chemically  stable  on  GaAs  under  one  atmosphere  of  Nj  up  to  8(X)  ‘C  and  6(X)  “C, 
respeaivciy,  but  thin  films  of  Pt:Ga  react  with  GaAs  at  temperatures  as  low  as  200  °C 
to  form  phases  with  higher  Ga  concentration  PtAsj.  The  XI^  patterns  also  revealed 
that  the  crystallite  orientation  and  texture  of  the  films  were  dependent  on  annealing 
temperature.  Segregation  of  Ga  to  the  surfaces  of  the  films  upon  annealing  was  also 
observed  by  both  AES  and  XPS.  The  results  demonstrated  that  the  as-deposited  films  of 
PtGaj  and  PtGa  were  kinetically  stabilized  with  respect  to  possible  chemical  reactions 
with  the  GaAs  substrates  that  evolve  gaseous  As  species  during  open  system  annealing 


I.  INTRCXJUCTION 

The  metal/compound-semiconductor  interface  has 
attracted  great  interest  because  of  the  contact  problem 
in  microelectronic  devices.’  Many  experimental  and 
theoretical  investigations  have  fcKused  primarily  on  the 
electronic  structure  at  the  metal/semiconductor  inter¬ 
face.  The  role  that  interfacial  chemical  reactions  may 
play  in  determining  the  electrical  properties  of  Schottky 
and  ohmic  contacts  has  been  a  subject  of  intense  inves¬ 
tigation  and  debate.^ 

The  chemistry  of  contacts  on  compound  semicon¬ 
ductors  is  intrinsica’Iy  more  complex  than  those  on  Si, 
because  the  presence  of  an  additional  clement  adds  an¬ 
other  degree  of  freedom  to  the  phase  diagram.’*  Thus, 
in  general  it  b  not  possible  to  form  a  single  phase  con- 
taa  to  a  compound  semiconductor  by  simply  depositing 
a  film  of  an  elemental  metal.  Chemical  reactions  be¬ 
tween  the  film  and  the  substrate  will  usually  form  two 
different  intermetallic  compounds  at  the  contact  inter¬ 
face.  One  way  to  avoid  the  <x:currence  of  uncontrolled 
chemical  reactions  on  compound  semiconductors  is  to 
deposit  a  film  of  an  intermetallic  compound  that  is 
thermodynamically  stable  with  respect  to  the  com¬ 
pound  scmiconductcyr  ’  *  Such  contaas  may  offer  im¬ 
proved  reliability  and  the  ability  for  devices  to  operate 
under  harsher  environments  than  is  now  possible 
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Several  studies  of  the  Pt-GaAs  interface  have 
shown  that  interdiffusion  and  chemical  reactions  occur 
in  the  relatively  low  temperature  range  of  250  X- 
3(X)  °C.  Annealing  at  higher  temperatures  and/or  longer 
time  periods  produces  a  layered  structure  in  which 
PtAsj  and  Pt-Ga  intermetallic  compounds  such  as 
PtsGa,  PtjGas,  PtGa,  and  PtGa;  have  been  identi¬ 
fied,’’”  The  electrical  effects  of  the  chcmiciil  reactions 
involving  Pt  films  on  GaAs  have  also  been  studied.’  ''”* 
For  both  partially  and  fully  reacted  samples,  the  Schottky 
barrier  height  tends  to  increase  along  with  an  increase 
of  the  ideality  factor  because  of  the  formation  of  PiAs;, 
which  is  a  wide  band-gap  semiconductor. 

The  ternary  phase  diagram  of  Pt-Ga-As,  which 
was  determined  by  Tsai  and  Williams'*  and  by  Zheng 
er  at.,'’’  is  presented  in  Fig  1.  Elemental  Pt  cannot  exist 
at  equilibrium  with  GaAs,  since  no  tie  line  connects 
these  two  phases  Instead,  a  closed  system  that  initially 
contained  a  large  amount  of  GaAs  and  a  small  amount 
of  Pt,  e.g.,  a  substrate  with  a  thin  film  on  top,  would 
have  a  composition  that  would  place  it  somewhat  above 
GaAs  in  the  phase  diagram  but  below  the  PtGa-PtAs; 
tie  line,  as  illustrated  in  Fig  1.  This  composition 
IS  within  the  tie-trianglc  defined  by  GaAs,  PtGa,  and 
PtAs;,  and  thus  these  compounds,  which  have  beer 
identified  in  the  thin  film  studies,  are  the  thermody¬ 
namically  stable  phases  for  the  system  The  compound 
PtjGa  IS  also  separated  from  GaAs  by  the  PtGa-PtAs; 
lie  line,  so  thin  films  of  this  compound  on  GaAs  would 
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RHEED  studies  of  epitaxial  growth  of  CoGa  on  GaAs 
by  MBE  -  determination  of  epitaxial  phases  and  orientations 


T.C.  Kuo.  T.W.  Kang  *  and  K.L.  Wang 
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llpiuxiiil  growth  of  single  crysliil  CoCj^  is  investigated  in-situ  using  reflection  high  energy  electron  diffraction  (RHEhD).  The 
formation  of  different  phases  of  CoGa  (different  stoichiometric  contpounds  and  epitaxial  orientations)  due  to  various  initial  growth 
conditions  has  been  probed  with  X-ray  diffraction  and  correlated  with  the  RMHIil)  patterns.  The  growth  of  (1(IO)CoGa  or  (I10)CoGa 
IS  found  strongly  dependent  on  the  termination  of  the  GaAs  surface,  with  either  Co  or  Ga.  before  the  epitaxial  deposition  of  CoGa. 
When  the;  flux  ratio  is  deviated  from  the  proper  stoichiometric  range,  additional  Co-Ga-As  compounds  arc  found  in  the  X-ray 
diffraction  measurement.  It  is  concluded  tnat  the  CoGa  phases  and  orientations  can  he  determined  by  pre-deposition  of  Co  or  Ga 
with  a  control  of  stoichiometry  in  the  proper  range.  The  high  quality  epitaxial  CoGa  has  potential  applications  in  thermodynamically 
stable  contacts,  and  more  importantly  for  fabrication  of  GaAs/metal/GaAs  quantum  well  structures 


1.  Introduction 

Thermodynamically  .stable  metal  contacts  on 
GaAs  are  verj'  important  for  both  Ohmic  and 
Schottky  contacts.'  Since  only  W  and  Mo  in  the 
element  metal  form  do  not  react  with  GaAs.  inter- 
metallic  compounds  have  attracted  great  deal  of 
interest  in  the  past  few  years  (IJ.  These  inter- 
metallic  compounds,  such  as  CoGa  (2].  RhGa  |3]. 
NiAl  (4).  and  NiGa  (5J.  have  a  CsCI  structure  and 
the  lattice  constants  arc  close  to  half  of  the  lattice 
constant  of  GaAs.  Thus,  epitaxial  deposition  of 
these  intermetallic  comp>ounds  on  GaAs  is  plausi¬ 
ble. 

CoGa  has  certain  advantages  which  make  it  a 
good  candidate  for  metal  contact  on  GaAs.  First, 
there  exist  only  two  stable  phases  of  Co/Ga  com¬ 
pounds.  which  arc  CoGa  and  CoGa  ,  (6).  and  this 
makes  it  easier  to  control  the  growth  of  single 
phase  CoGa  on  GaAs.  Second,  the  stoichiometry 
of  Co,  ^  ,Ga,  can  be  varied  from  319  to  629  |7|. 
and  this  flexibility  of  stoichiometric  variation 
makes  the  flux  ratio  control  less  critical.  Further- 
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more,  the  lattice  mismatch  of  different  stoichio¬ 
metric  CoGa’s  with  GaAs  (half  of  the  lattice  con¬ 
stant).  varies  from  1.89  to  0.59  as  Ga  content  is 
adjusted  from  319  to  619  |8).  In  bulk  Co,  ,Ga,. 
electric  and  magnetic  properties  arc  known  to 
depend  on  the  stoichiometry  |9-11).  However,  the 
properties  of  epitaxial  Co, .  ,Ga ,  on  GaAs  arc  still 
relatively  unknown.  Recent  studies  by  Baugh  et  al. 
1 12)  have  shown  that  the  Ga  rich  condition  may  be 
thermodynamically  more  stable  than  the  Co  rich 
condition.  Palmstrom  et  al.  |2]  have  demonstrated 
the  growth  of  CoGa  on  GaAs  and  observed  the 
surface  reconstruction  using  reflection  high  energy 
electron  diffraction  (RHEED). 

In  this  paper,  we  demonstrate  the  conpol  of 
growth  of  single  pha.se  CoGa  on  GaAs  and  the 
epitaxial  orientation  in  molecular  beam  epitaxy 
(MBE).  by  controlling  the  initial  growth  condition 
with  in-situ  RHEED  diffraction. 


2.  Experimental 

The  substrate  used  in  this  study  was  undoped 
scmi-insulatmg  (l'X))GaAs,  The  wafer' was  first 
degreased,  etched  in  H  -SOj :  H_.0, ;  H-O  =  8  ;  1  : 1 
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EIec(rical  Resistivity,  Magnetic  Susceptibility  and  Thermoelectric  Power  of  PtGa2 
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The  electrical  resistivity  (p).  magnetic  susceptibility  (x)  and  thermoelectric  power  (S)  of 
PtGa2  were  measured  as  a  function  of  temperature  (T).  This  compound  is  metallic  at  high 
temperatures,  as  shown  from  the  room-temperature  resistivity  value  (19|ifi-cm)  and  the  linear 
dependence  of  the  S  vs.  T  curv  e  at  temperatures  above  the  Debye  temperature  It  undergoes  a 
superconducting  pha.se  transition  with  a  critical  temperature  (T^)  at  zero  magnetic  field  of  2.13K. 
The  density  of  states  (DOS)  at  the  Fermi  energy  (Ep)  at  high  temperatures  obtained  from  x  atid  S 
d.ita  are  22*^  and  159r  higher,  respectively,  than  the  value  obtained  previously  from  a  semi- 
empirical  b.ind  structure  calculation. 


Electronic  structure  study  of  the  Pt-Ga  intcrmetallic  thin  films  on  GaAs  (100) 
using  X*ray  photocmission  spectroscopy 


Young  K.  Kim,  David  K.  Shuh,  and  R.  Stanley  Williams 
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Larry  P.  Sad  wick,  and  Kang  L.  Wang 
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Single-phase  films  of  Pt-Ga  intermetallic  compounds  with  different 
stoichiometric  compositions  were  grown  using  molecular  beam  epitaxy 
(MBE)  and  investigated  with  X-ray  photoemission  spectroscopy  (XPS).  For 
decreasing  Pt  concentration  in  the  intermetallic  compounds,  the  Pt  d-band 
centroid  moved  to  higher  binding  energy  (BE)  and  the  density  of  states  (DOS) 
at  the  Fermi  level  (Ej-)  decreased.  The  Pt  d-band  width  narrowed  considerably 
and  Pt  4f  core  level  spectra  shifted  to  higher  BE  as  the  the  Pt  4f  core  level  line 
shape  became  more  symmetric. 


Internal  Photoemission  in  CoGa/GaAs  Schottky  Barriers, 
Possible  Injection  of  Electrons  into  the  L  Valley 
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ABSTRACT 


Internal  photoemission  in  epitaxially  grown  films  of  CoGa/GaAs  Schottky 
barriers  by  back  illumination  is  used  to  study  the  injection  of  electrons  into 
L  and  X  valleys  of  the  conduction  bands  of  n-type  GaAs.  The  general  theory 
of  Fowler  predicts  that  the  photocurrenl  per  absorbed  photon  should  vary  as 
the  square  of  the  photon  energ\'  hu  for  [(hi/  •  <l>t)/kT]  >  0,  where  is  the 
difference  between  the  Fermi  level  and  F  point  in  the  GaAs  conduction  band. 
Unlike  the  case  for  Au/GaAs  Schottky  barriers,  we  observe  two  thresholds  ir 
the  photocurrent  measurements  of  uniform  epitaxial  CoGa/GaAs  contacts. 
The  second  threshold  formed  at  %0.3  eV  higher  than  the  first  threshold  (F 
point)  is  interpreted  as  the  injection  of  carriers  into  the  L  valley  of  the  Ga.As 
from  the  metal  side.  A  third  threshold  at  ssO.S  e\'  above  the  F  point  requires 
a  photon  energy  greater  than  the  energy  gap  of  GaAs  (1.4  e\  )  and  hence 
cannot  be  observed  in  the  back  illumination  mode. 
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We  have  studied  the  atomic  structures  formed  by  monolayer  coverages  of  Au  and  Ag  on  the  Si(  1 1 1 )  surface  using  primarily  the 
technique  of  impact-collision  ion  scattering  spectroscopy  (ICISS).  For  the  case  of  Au  films  annealed  at  700 *C,  three  different  types 
of  LF.f  0  paliems  arc  formed  depending  on  the  fractional  rttonolayer  coverage:  5  x  1.  x  ,  and  6x6.  The  ICISS  data  reveal 
that  all  the  three  surfaces  are  structurally  sintilar:  the  Au  atoms  reside  above  the  Si(lll)  plane,  most  likely  in  threefold-hollow  sites, 
and  the  different  surfaces  appear  to  be  characterized  by  rows  (5  X  1)  or  a  honeycomb  network  x  ^  and  6  x  6).  In  contrast,  the 
Ag  filn.s  defiosited  at  elevated  substrate  temperature  (480  *  C)  display  only  »  ^  x  Jy  LEED  pattern  for  coverages  ranging  from  0,25 
to  35  nonoiayers.  A  trimer  model  appears  to  be  more  consistent  with  the  low  coverage  Ag  ICISS  data  rather  than  a  honeycomb 
arrangimeni  of  the  Ag  atoms. 


1.  Intioduction 

Tht  reconstructions  induced  on  the  Si(lll) 
surface  by  the  noble  metals  Au  and  Ag  have  been 
the  subjects  of  many  scientific  investigations  for  a 
great  many  years  (1.2].  but  as  yet  there  is  no 
consensus  on  their  detailed  atomic  structures.  If 
anything,  the  number  of  proposed  structural  mod¬ 
els  hfs  increased  in  proportion  to  the  number  of 
studies.  Iliis  is  principally  because  each  of  the 
currently  utilized  surface  structure  techniques  is 
sensitive  to  a  different  aspect  of  the  surface  struc- 
,turc.  One  might  think  that  the  most  direct  real- 
space  technique,  scanning  tunneling  microscopy 
(STM),  would  resolve  any  ambiguities.  However, 
as  demonstrated  last  year  by  two  consecutive 
papers  in  Physical  Review  Letters  on  the  Ag-in- 
ducce  /3  X  Si(lll)  surface  (3.41,  STM  is  not 
yet  capable  of  elemental  recognition.  Although 
both  papers  showed  essentially  identical  honey¬ 
comb  paticms.  one  group  concluded  that  the  STM 
featuies  were  caused  by  Si  adatoms  atop  Ag  tri- 
mers  (3)  and  the  other  decided  that  the  STM 
features  were  individual  Ag  adatoms  (4).  A  recent 
X-ray  diffraction  study  concluded  that  this  surface 
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was  characterized  by  Ag  trimers.  but  without  Si 
adatoms  above  the  trimers  (5).  An  STM  study  of  a 
surface  that  might  be  structurally  similar,  that  is 
the  Au-induced  x  /3  Si(lll)  surface,  revealed 
triangular  shaped  features  that  were  interpreted  to 
be  Au  trimers  |6].  although  later  work  showed  the 
features  to  be  essentially  circular  [7].  Our  previous 
impact-collision  ion  scattering  spectroscopy 
(ICISS)  (8)  studies  of  Au:/3  x  v/3  Sidll)  were 
shown  to  be  consistent  with  a  honeycomb  struc¬ 
ture  (9). 

Ion  scattering  techniques  do  not  directly  image 
a  surface,  but  they  do  have  several  advantages  for 
structural  analysis:  the  data  provide  real-space 
information  (i.e.  no  diffraction),  the  scattering  fea¬ 
tures  arc  determined  by  the  nuclear  positions  (not 
the  valence  electrons),  and  the  scattered-ion  en¬ 
ergy  depends  on  the  mass  of  the  scattering  atom 
(elemental  specificity).  In  this  paper,  we  will  re¬ 
view  the  bases  of  our  conclusions  regarding  the 
structure  of  the  Au-induced  Si(lll)  reconstruc¬ 
tions  and  argue  that  a  honeycomb  model  is  con¬ 
sistent  with  the  published  STM  images  (6).  We 
al.so  present  ICISS  data  for  the  Ag-induced 
/3  X  Sid  11)  surface,  and  conclude  that  the 


